The discovery of cell-free fetal DNA in maternal plasma has opened up new possibilities for noninvasive prenatal diagnosis. However, the use of maternal plasma fetal DNA for the direct detection of fetal chromosomal aneuploidies has not been reported. We postulate that the aneuploidy status of a fetus could be revealed by an epigenetic allelic ratio approach, i.e., by analyzing the allelic ratio of a single-base variation present within DNA molecules exhibiting a placentalspecific epigenetic signature in maternal plasma. Methods: Placental-derived fetal-specific unmethylated maspin (SERPINB5) promoter sequences on human chromosome 18 were detectable in placental-maternal DNA mixtures and in maternal plasma by bisulfite modification followed by methylation-specific PCR (MSP) and primer extension. The ratios between the extension products of the 2 alleles were calculated for heterozygous placentas, placental-maternal blood cell DNA mixtures, and maternal plasma samples. The allelic ratios were compared between pregnancies carrying trisomy 18 and euploid fetuses. Results: The epigenetic allelic ratios of all tested trisomy 18 samples deviated from the reference range obtained from euploid samples (placental DNA, 1.135 to 2.052; placental-maternal DNA mixtures, 1.170 to 1.985;
Conventional definitive prenatal diagnostic procedures that use fetal materials obtained by invasive means constitute a risk to the fetus, and therefore invasive testing has been predominantly recommended only for women at relatively high risk for fetal abnormalities. Thus, fetal Down syndrome testing, for example, was performed mainly in women Ͼ35 years old (1 ) , and aneuploid pregnancies often went undetected in younger women. During the past decade, noninvasive prenatal screening methods for fetal aneuploidies have become available (2) (3) (4) . These methods, however, detect only the epiphenomena associated with a chromosomal aneuploidy instead of identifying the actual chromosome number directly from fetal genetic materials. Maternal plasma and serum have been found to contain circulating fetal DNA, which makes up 3.4% to 6.2% of the mean total DNA concentration in maternal plasma and is a promising noninvasive source of fetal genetic material (5, 6 ) .
The use of circulating fetal DNA for prenatal diagnosis has been well described for paternally inherited variations, in scenarios such as fetal Rhesus D blood group (7 ) and ␤-thalassemia major (8, 9 ) testing. In addition, quantitative aberrations of circulating fetal DNA have been reported in preeclampsia (10, 11 ) , preterm labor (12 ) , and certain fetal chromosomal aneuploidies (13 ) . Despite in-creased circulating fetal DNA concentrations in trisomy 21 pregnancies, there is a large overlap in fetal DNA concentrations between healthy and aneuploid pregnancies (13, 14 ) . Moreover, these applications are based on the detection of paternally inherited variations or Y chromosomal sequences and thus are useful for only a fraction of all pregnancies unless a large panel of polymorphic markers is used. Such limitations could be overcome by the discovery of sex-and variation-independent fetal DNA markers in maternal plasma. Epigenetic differences could be used to differentiate fetal and maternal DNA in maternal plasma. For example, differential DNA methylation could be used as the basis for methylation-specific approaches to detect only the fetal DNA and not its maternal counterpart in maternal plasma.
Recently, Chim et al. reported that the maspin (SERPINB5) gene, 6 with its epigenetic differences between the placenta and maternal blood cells, could serve as a universal fetal DNA marker (15 ) . Researchers had previously found that maspin was expressed in the placenta (16 ) , and its tissue-specific expression was regulated by promoter CpG methylation (17 ) . Our previous results demonstrated that unmethylated maspin promoter (Umaspin) 7 sequences could be found in the placenta but not in maternal blood cells. The latter has previously been proposed to constitute the major source of maternal DNA in maternal plasma (18 ) . Furthermore, the placentalderived U-maspin sequences were readily detectable in maternal plasma and were confirmed to be fetus specific. The discovery of the location of the maspin gene, on chromosome 18q21.33, provides a valuable opportunity to test the potential application of plasma epigenetic markers for the noninvasive prenatal detection of fetal chromosomal aneuploidies, using trisomy 18 (T18) as a model system. T18 (Edward syndrome) is the second most common form of chromosomal aneuploidy, with an average incidence of 1 in 6000 pregnancies (19 ) . We have previously demonstrated that fetal U-maspin DNA could be amplified with high specificity by use of methylation-specific PCR (MSP) even when such fetal DNA molecules were present among an excess of background plasma DNA of maternal origin (15 ) . We hypothesized that chromosome 18 copy number could be inferred by assessing the allelic ratio of a single-base variation present within these MSPamplified fetal DNA molecules, the so-called epigenetic allelic ratio (EAR) approach. In this paper, we present a theoretical and practical analysis of this approach.
Materials and Methods study participants
Women with euploid and T18 pregnancies who attended the Department of Obstetrics and Gynaecology, Prince of Wales Hospital, Hong Kong, and the King's College Hospital, London, United Kingdom, were recruited between December 2003 and March 2006. All study participants gave informed consent, and ethics approval was obtained from the corresponding Institutional Review Boards. Chorionic villus samples (CVS) were collected during conventional prenatal diagnosis sessions in the 1st trimester of pregnancy. Placental tissue samples were also collected from euploid 3rd-trimester pregnancies after delivery and from T18 pregnancies after termination of pregnancy (TOP). The chromosome status of each T18 case was confirmed by full karyotyping. Maternal peripheral blood samples (12 mL of EDTA) were collected from all women. An additional 12 mL of blood was collected from each of these women after delivery or TOP to demonstrate the postpartum clearance of the fetal DNA sequences.
processing of blood and tissue samples
Maternal peripheral blood samples were centrifuged at 1600g for 10 min at 4°C, and the plasma portion was recentrifuged at 16 000 g for 10 min at 4°C (20 ) . The blood cell portion was recentrifuged at 2500g, and any residual plasma was removed. DNA from the peripheral blood cells was extracted in accordance with the Nucleon™ DNA Extraction Kit (GE Healthcare). DNA from maternal plasma was extracted with the blood and body fluid protocol of the QIAamp DNA Blood Mini Kit (Qiagen). DNA was extracted from 1.6 mL of plasma for the 3rd-trimester cases and at least 4.2 mL of plasma for all other cases. DNA samples from the CVS and placentas were extracted with the QIAamp DNA Mini Kit (Qiagen) according to the manufacturer's tissue protocol.
genotyping of the maspin Ϫ156 single-base variation
Genotyping of the maspin Ϫ156 single-base variation was performed by use of a primer extension protocol (15 ) for genomic DNA from both the fetal and the maternal materials. Details of the procedures are described in Data 1A in the Data Supplement that accompanies the online version of this article at http://www.clinchem.org/ content/vol52/issue12. Sequences of the PCR forward and reverse primers and the Homogenous MassEXTEND™ (hME) primer are listed in Table 1A in the online Data Supplement. The extension reactions were designed to generate products of distinct masses for each allele that were readily resolvable by matrix-assisted laser desorption and ionization time-of-flight mass spectrometry analysis (21 ) . Data acquisition from the SpectroCHIP was done in the MassARRAY Analyzer Compact Mass Spectrometer (Sequenom). Mass data were imported into the MassARRAY Typer (Sequenom) software for analysis. 6 Human gene: maspin (SERPINB5), serpin peptidase inhibitor, clade B (ovalbumin), member 5. 7 Nonstandard abbreviations: U-maspin, unmethylated maspin promoter; T18, trisomy 18; MSP, methylation-specific PCR; EAR, epigenetic allelic ratio; CVS, chorionic villus sample; TOP, termination of pregnancy; hME, Homogenous MassEXTEND TM .
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To determine the U-maspin EARs, we performed bisulfite conversion of the samples and then subjected them to MSP (22 ) followed by allele-specific primer extension. Bisulfite conversion, a procedure in which unmethylated cytosine was converted to uracil while methylated cytosine remained unchanged (22, 23 ) , was performed with the Methylamp™ DNA Modification Kit (Epigentek) according to the manufacturer's instructions. MSP was performed as previously described (15 ), with a slight modification of the primer sequences (see Table 1B in the online Data Supplement), to specifically amplify the fetalspecific U-maspin (15 ) . The extension primer was Umaspin specific (see Table 1B in the online Data Supplement). Details of the procedures are described in Data 1B in the online Data Supplement. The experimental procedures and the allelic ratio determination from the mass spectrometric data are outlined in Fig. 1 . All allelic frequencies were directly calculated and exported from the Typer (Sequenom) software. No skew correction of the peak frequency was used.
specificity of the u-maspin hme assay and establishment of euploid reference interval
We used 2 approaches to confirm the specificity of the U-maspin hME assay. We analyzed maternal blood cell , unmethylated maspin (U-maspin) molecules are placenta specific. The U-maspin EAR is expected to be deviated in T18 fetuses. (C), placentaderived U-maspin molecules are released into the maternal circulation. The U-maspin EAR in maternal plasma is expected to reflect that of the placenta. The maternal plasma allelic ratio in a T18 pregnancy is therefore expected to deviate from that in an unaffected pregnancy. (D), unmethylated placenta-derived maspin molecules are amplified by MSP after bisulfite conversion. The cytosine of the maspin variation is unmethylated, and therefore it would be converted to uracil after bisulfite treatment and read as a thymine. (E), primer extension in a reverse direction. The primer extension reaction was designed to distinguish the A and T nucleotides. (F), extension reaction for a heterozygous individual leads to 2 peaks with masses readily resolvable by the matrix-assisted laser desorption and ionization time-of-flight mass spectrometry (MS). In a euploid sample, the theoretical allelic ratio is 1, and that for a T18 sample is 2 (AAC) or 0.5 (ACC). However, because of the inherent property of mass spectrometry that the relative intensity of the higher molecular mass products is attenuated, the ratios are usually larger than the theoretical values.
DNA, which is hypermethylated at the maspin promoter and therefore should not be detected by the assay. We also analyzed DNA mixtures composed of 5% placental DNA and 95% maternal blood cell DNA from fetalmaternal pairs with different maspin genotypes to determine whether only the fetal alleles would be detected. After confirming the specificity of the U-maspin hME assay, we determined the EAR among euploid and T18 samples. First, DNA from 3 heterozygous 1st-trimester CVS and 28 heterozygous term placental tissues were used to establish a reference interval for euploid pregnancies. We next determined the allelic ratios of DNA from CVS or placental tissues of 7 T18 pregnancies.
theoretical modeling for ear determination
Because the ultimate aim of the present study was to transfer the established EAR protocol for noninvasive detection of fetal T18 from maternal plasma, we used a theoretical model to assess whether robust allelic ratio discrimination between euploid and T18 fetuses could be achieved at typical plasma DNA concentrations. If the total copy number of a particular DNA sequence is high enough, the DNA allelic ratio can be accurately determined by use of a single-base variation marker. At low DNA copy numbers, however, the allelic ratio fluctuates. The allelic ratio fluctuation can be modeled by binomial distribution because most variations are biallelic. The maspin Ϫ156 single-base variation is an A/C variation. Therefore, if N is the total number of fetal U-maspin molecules in the PCR before amplification and P is the theoretical A allele frequency, for euploid fetuses P should be 0.5, and for T18 fetuses, P should be either 1 ⁄3 or 2 ⁄3, depending whether the extra chromosome carries a C or A allele, respectively. For each allelic ratio determination experiment, the probability of getting exactly K copies of A allele (or with an A allele frequency of K/N) is given by the probability mass function:
The distributions of A allele frequency for euploid and T18 cases for which the total numbers of fetal U-maspin template molecules available for MSP amplification are 20, 50, 100, and 200 copies are shown in Fig. 2 . According to the theoretical model, a minimum of 200 copies of the U-maspin molecules would be required to achieve 97% diagnostic sensitivity and 97% diagnostic specificity to distinguish euploid from aneuploid cases. This calculation takes into account potential inaccuracies in allele frequency determination by the MassARRAY system (Sequenom), which has previously been shown to be ϳ3% (24 ) . To test this model, we performed a serial dilution experiment on the placental-maternal blood cell mixtures to investigate the distribution of the EARs at low Umaspin copy numbers. DNA degradation is a well-known consequence of bisulfite conversion. We prepared DNA mixtures that initially contained 1000 to 20 000 copies of placental DNA and assumed that 95% of the DNA molecules would be degraded after bisulfite modification (25 ); hence, after bisulfite conversion, the "effective" number of placental DNA molecules in these mixtures would be 50, 100, 200, 500, and 1000 copies, respectively (see Data 2 in Fig. 2 . Theoretical modeling to determine the quantity of U-maspin molecules required for the robust discrimination between euploid and T18 pregnancies using the EAR approach.
The allelic ratio fluctuation is modeled by binomial distribution in this biallelic A/C variation. The distributions of A allele frequency for euploid and T18 cases when the total numbers of fetal maspin molecules after bisulfite conversion were 20, 50, 100, and 200 are shown. The theoretical A allele frequency should be 0.5 in euploid fetuses. For T18 fetuses, the frequency of allele A should be either 1 ⁄3 or 2 ⁄3, depending whether the extra chromosome carries a C or an A allele, respectively. When the total number of the tested molecules is 20, a large overlap between the euploid and T18 A allele frequencies would be expected. When the total number of the tested molecules reaches 200, a separation of the allelic ratios in euploid vs T18 pregnancies is predicted from the theoretical model. 
ear determination in maternal plasma
As a final evaluation, we assessed the feasibility of applying the EAR approach to fetal DNA analysis in maternal plasma. Before the direct assessment of maternal plasma, placental and maternal blood cell DNA mixtures in a 5:95 proportion were prepared to simulate the fetal DNA concentrations and proportions in maternal plasma. DNA mixtures involving placental DNA from euploid (n ϭ 16) or T18 (n ϭ 6) heterozygous fetuses were prepared and analyzed. We next proceeded to the testing of maternal plasma. Eight cases of predelivery maternal plasma (1.6 mL) with the corresponding postdelivery samples were subjected to the U-maspin EAR determination. Furthermore, because TOP for T18 pregnancies was usually performed during the first or second trimester, the Umaspin hME assay was performed on gestationally matched (15 to 18 weeks) maternal plasma from 2 euploid and 2 T18 pregnancies. At least 4.2 mL of 2nd-trimester maternal plasma was used for EAR determination because fetal DNA concentration in maternal plasma was expected to be lower in early gestation (5 ).
statistical analysis
Statistical analyses were performed with SigmaStat 3.0 software (SPSS).
Results

genotyping of the maspin Ϫ156 single-base variation
A total of 173 euploid placentas and 14 T18 placentas were genotyped for the maspin variation. Thirty-one of the euploid cases and 7 of the T18 cases were heterozygous A/C, i.e., informative, whereby the EAR approach could be applied and assessed. On the other hand, 100 maternal blood cell samples were available for genotyping, and 15 of them had different genotypes from the corresponding placentas, i.e., a mother homozygous whereas her fetus was heterozygous or vice versa.
specificity of the u-maspin hme assay
When maternal blood cell DNA was analyzed by the U-maspin hME assay, no primer extension products were detected (Fig. 3, A and B) . These results, indicating insensitivity to the detection of methylated molecules in maternal blood cells, confirmed the specificity of the assay (15 ) . The genotypes revealed by the U-maspin hME assay for the mixtures of placental and maternal blood cell DNA from the 15 fetal-maternal pairs with different genotypes Fig. 3 . Mass spectra showing the specificity of the U-maspin hME assay toward the detection of the unmethylated molecules. were concordant with those of the CVS and placental DNA (see Table 2 in the online Data Supplement).
u-maspin ear determination
We used 31 heterozygous placental tissues from euploid pregnancies to establish a reference interval for the Umaspin EAR, as shown in Fig. 4A . The reference interval, defined as 1.96 SD away from both sides of the mean U-maspin EAR in euploid placentas, was 1.135 to 2.052. Three of the euploid placentas fell outside this interval, giving a false-positive rate (misclassification as T18) of 9.7%. When we subjected the 7 heterozygous T18 placental samples to the same analysis we observed either a higher or a lower EAR than the reference interval for all cases (Fig. 4A) . A higher or lower ratio was expected when the T18 fetus had an AAC or ACC genotype, respectively. Thus, T18 cases were distinguishable from euploid cases by use of the EAR approach on placental DNA. Representative mass spectra comparing euploid and T18 samples are shown in Fig. 5A .
theoretical modeling for ear determination
Results for the serial dilution on placental-maternal DNA mixtures are shown in Fig. 6 . The distribution for the 4 replicates from each sample remained tight from a placental DNA input equivalent to an original amount of 20 000 down to 4000 copies of the maspin gene before bisulfite conversion. From the plot, the scatter became wider at 2000 copies of U-maspin, and the EARs for 1 T18 mixture showed a 2-fold difference among the 4 replicates at 1000 copies. In addition, at 1000 copies, the EAR of 1 replicate from a euploid DNA mixture was out of the reference interval established as described above. The EARs became unstable as the input DNA decreased, and poorer differentiation between the euploid and T18 cases would be expected. Assuming a 95% template destruction rate after bisulfite conversion, these results agreed with the mathematical prediction (Fig. 2) of the need for at least 200 effective copies of template fetal DNA molecules for the differentiation of euploid from aneuploid pregnancies.
ear determination in maternal plasma
Mixtures of 5% placental DNA from either euploid or T18 heterozygous fetuses with 95% maternal blood cell DNA were prepared to simulate the concentrations and proportions of fetal DNA in maternal plasma (5 ) . Mixed DNA samples were prepared with placental DNA from 16 euploid heterozygous fetuses. Eleven of these placental DNA samples were mixed with blood cell DNA from mothers homozygous for the maspin variation. The remaining mixtures involved heterozygous maternal blood cell DNA. Results from the former subgroup showed that the paternally inherited fetal-specific allele was detectable in all cases (see Table 2 in the online Data Supplement). We established a reference interval of 1.170 to 1.985 based on the EARs obtained from these 16 euploid DNA mixtures. EARs of the mixed DNA from 6 heterozygous T18 CVS or placentas deviated from the euploid reference interval (Fig. 4B) . No overlapping between the EARs for the euploid and the trisomy groups was observed in this mixing experiment. Representative mass spectra are shown in Fig. 5B .
We next proceeded to direct testing of maternal plasma samples. On the basis of EARs obtained from 8 predeliv- (A), the EARs were determined from placental tissues. Except for 3 outliers, the EARs of euploid samples were clustered together. The EARs of the T18 placentas deviated from those of the euploid cases. (B), the EARs determined from the 95:5 maternal blood cell and placental DNA mixtures. There was no overlap between the euploid and aneuploid cases. (C), EARs of maternal plasma samples from euploid pregnancies were compared with those from T18. छ, predelivery maternal plasma; ϩ, second trimester maternal plasma. The reference intervals for various sample types are marked with dotted lines across the plots.
ery plasma samples and the pooling of 2 2nd-trimester samples, we established a plasma reference interval of 0.330 to 3.044. A plot for the maternal plasma data is shown in Fig. 4C . No primer extension products were detectable from the same volume of postdelivery plasma from the same woman (Fig. 3C) . Because circulating fetal DNA concentrations are relatively low in early pregnancy (Ͻ100 genome-equivalents/mL of plasma) (5 ), a total of 8.7 mL of plasma from 2 2nd-trimester euploid pregnancies were pooled for the EAR determination. Maternal Two euploid and 2 T18 fetal-maternal DNA mixtures were tested. The mixtures were assembled by combining maternal blood cell and placental DNA in a 95:5 ratio. The amounts of placental DNA added to each mixture are depicted on the x axis. The mixtures were serially diluted to produce aliquots containing 1000 to 20 000 copies of the maspin gene before bisulfite conversion. Assuming a 95% template destruction rate after the bisulfite conversion step, these copy numbers corresponded to 50 to 1000 effective copies of the maspin gene for the actual amplification reaction (see Data 2 in the online Data Supplement). U-maspin EARs were determined in 4 replicates at each template DNA concentration. A decrease in both sensitivity and specificity of the assay at Ͻ200 copies per reaction after bisulfite conversion was predicted by theoretical calculation and supported by the results of this experiment.
plasma from an AAC T18 pregnancy (4.8 mL of plasma) gave an EAR of 3.412, and that from an ACC T18 pregnancy (4.2 mL of plasma) gave a ratio of 0.255 (Fig.  4C ). Representative mass spectra are shown in Fig. 5C .
Discussion
In this study, we evaluated the feasibility of performing EAR analysis for noninvasive prenatal detection of a trisomic fetus from maternal plasma. Apart from T18, we envision that this strategy could potentially be further generalized to other chromosomal aneuploidies, especially trisomy 21 and trisomy 13.
We first evaluated and confirmed the placental (fetal) specificity of the U-maspin hME assay (15 ) . The assays were designed in such a way that there was a dual level of specificity toward the detection of the U-maspin sequences, first during the PCR step and then during primer extension. We then assessed the feasibility of the EAR approach to distinguish euploid from trisomy DNA samples in placental DNA samples, placental-maternal blood cell DNA mixtures, and, finally, maternal plasma samples.
We calculated an EAR reference interval from 31 euploid placentas, 3 of which fell outside this interval. The degree of placental hypomethylation of the maspin promoter varies from sample to sample (15 ) . If the number of U-maspin molecules in those 3 euploid placental tissues was particularly low, there might not be enough unmethylated molecules in the reaction mixture for a reliable EAR to be determined. The relationship between Umaspin concentration and the reliability of the resulting EAR is further evident from the theoretical model and serial dilution experiment.
Our serial dilution experiments illustrated that when the input DNA decreased, a wider spread of allelic ratios was observed. The wider data dispersion as a result of the increased imprecision of the assay at low input DNA amounts would reduce the magnitude of the ratio difference between euploid and aneuploid cases. The likelihood for false classification would therefore increase.
Results from the theoretical model were taken into consideration when we designed the protocols for maternal plasma EAR analysis. Because the maternal plasma fetal DNA concentrations in early pregnancies were lower than those at later gestation, we performed EAR determination with 1.6 mL predelivery plasma but at least 4.2 mL of 2nd-trimester plasma. Although we were able to determine the U-maspin EAR in all the analyzed plasma samples, the euploid reference interval obtained from the maternal plasma analysis had a much wider spread than that determined from the placental DNA samples or DNA mixtures. The wider dispersion of the plasma range was most likely attributable to the imprecision because of the low input DNA amount. Median fetal DNA concentration in late pregnancy was previously reported to be ϳ250 copies/mL of maternal plasma (5 ) . Thus, the use of 1.6 mL of predelivery plasma would mean that only 20 (250 copies/mL ϫ 1.6 mL ϫ 5% DNA remaining after bisulfite conversion) effective fetal DNA template molecules would be available for EAR determination. Considering our theoretical model, it is not surprising that the dispersion of the plasma ratios was much greater.
Our study and the theoretical modeling also highlight the difficulty of achieving robust euploid and aneuploid EAR discrimination in face of the problem of DNA degradation as a result of bisulfite modification. Bisulfite modification was reported to cause 84%-96% DNA degradation (25 ) . The prenatal diagnosis for fetal chromosomal aneuploidy should ideally be performed as early in pregnancy as possible; however, it would be technically difficult to ensure the availability of 200 copies of fetalspecific U-maspin molecules for EAR determination during early pregnancy, in view of the low fetal DNA concentration in early gestation maternal plasma and the need for bisulfite modification.
In spite of the technical difficulties, our study has nonetheless demonstrated that a fetal epigenetic marker together with an informative polymorphism could be a potential strategy for the noninvasive detection of fetal chromosomal aneuploidy. The current study was essentially a demonstration of principle. The main reason for our small sample size was that the maspin Ϫ156 singlebase variation was rare. Although we have seen this variation in the Chinese and African populations (unpublished data), we did not find the C allele among 129 Caucasian placentas genotyped, a difficulty that was further compounded by the incidence of T18 being 1 in 6000 pregnancies. From a clinical point of view, the discovery within other loci of more highly polymorphic single-base variations exhibiting differential methylation between the placenta and maternal blood cells would be a logical next step. From a technical point of view, one challenge is to develop methylation analysis methods that do not rely on bisulfite conversion and thereby avoid the associated DNA degradation effect. If and when all of these challenges are overcome, we envision that the EAR approach might become an attractive method for the noninvasive prenatal detection of several fetal chromosomal aneuploidies.
